The interaction of proteins with biomaterials plays an important role for several biomedical applications including implants and tissue engineering. Although different experimental approaches have been explored, the investigation of the molecular models for protein-substrate interaction is warranted to control of cellular functions. In this study, Molecular Dynamics (MD) simulations were used to study the adsorption behavior of Bone Morphogenetic Protein-2 (BMP-2) on a hydrophobic graphite substrate. The influence of four different orientations of the protein with the substrate was evaluated based on their adsorption behavior. Results indicate a strong influence of the initial configuration on the adsorption. Protein unfolding was observed for most orientations with preferential binding of residues within the vicinity of the substrate. Most of the secondary structure of the protein was preserved during the simulation with a minor reduction of β-sheet structures. This research provides a detailed understanding of the interaction of BMP-2 with biomaterial surfaces.
Introduction
Biomaterials have emerged as an alternative method to improve the performance of medical devices (Perkins et al., 2014; Gad and Gad-Mcdonald, 2015; Perkins et al., 2015) . Implantable biomaterials demand certain characteristics such as adequate mechanical properties for bone replacement, the absence of foreign body interactions that adversely affect the tissue and in vivo biodegradability (Starý et al., 2003) .
Protein adsorption onto a biomaterial and their interactions with tissue cells are essential to the biocompatibility of implants (Mücksch and Urbassek, 2011b) . The surface properties of the biomaterial regulate the final confirmation of the protein concerning its bioavailability and cell signaling activities. Important functionalities can be obtained if the protein remains bioactive after adsorption (Utesch et al., 2011) . The adsorption behavior of a protein depends on the interaction between the amino acids in a protein, the properties of the material surface and the conditions of the solution in which the material is solvated (Latour, 2009 ).
Bone Morphogenetic Protein-2 (BMP-2) is an important protein involved in different cellular functions, such as differentiation and proliferation of osteoblasts, promoting bone formation and regeneration (Oliveira et al., 2011a; Beederman et al., 2013) . The use of BMP-2 combined with standard bone repair procedures can prevent rejection and reduce the healing time. However, to obtain the desired repair of the tissues, the protein must be coated on material without any conformational changes that affect its bioactivity (Oliveira et al., 2011b) . For the effective bone restoration, protein adsorption on the surface material must be stable and occur at the implant site. Also, the protein should be able to interact with its receptors, activating signaling cascades and thus inducing osteoblasts proliferation (Utesch et al., 2011) . A too strong binding of the protein on the implant leads to partial denaturation and consequently, affecting its bioactivity.
The design of biomaterials to attain favorable surface interaction with growth factors and nutrients is crucial for tissue engineering applications. Molecular Dynamics (MD) simulations are an effective method to understand the adsorption behavior of a protein, allowing an atomiclevel characterization of the conformational changes in a protein structure (Klepeis et al., 2009; Latour, 2009) .
In this study, MD simulations were implemented to investigate the interaction behavior of BMP-2 with a hydrophobic graphite substrate. Pyrolytic graphite is a common material used in implants because of its high biocompatibility, low friction coefficient and adequate stiffness with bone (Mücksch and Urbassek, 2011a) . However, its interaction with osteogenic growth factors lacks understanding of the molecular mechanisms that promote stem cell differentiation. In this research, the effect of four orthogonal orientations on the adsorption behavior of BMP-2 protein with graphite revealed preservation of secondary structures. This research plays a critical role in incorporating BMP-2 in biomedical implants for stem cell-based regeneration in orthopedic applications.
Methods
MD simulations were carried out using Nanoscale Molecular Dynamics (NAMD) (Phillips et al., 2005) with the CHARMM27 force field (MacKerell Jr et al., 1998) . Visual Molecular Dynamics (VMD) was used to build the models and analyze the results (Phillips et al., 2005) . The simulations were performed on a 64-bit Linux platform (Fedora 21) with two Graphical Processing Units (GPUs) from NVIDIA® Corporation (K40 and K20).
The protein crystallographic structure of the BMP-2 with 114 amino acids was obtained from the RCSB Protein Data Bank (Berman et al., 2000) . This structure was solvated in a water sphere using explicit TIP3P model (Marquetti and Desai, 2016) . Sodium chloride (NaCl) ions were added at a concentration of 0.15 mol/L using VMD plugin. This solvated model consisted of a 6.5 nm drop with 13,863 atoms. The solvated protein was placed in four different orientations on the center of a flat hydrophobic graphite, large enough to allow the movement of the protein (Fig. 1) .
The non-bonded force field parameters for graphite were defined as σ ij = 3.195 Å and ϵ ij = -0.439 kJ/mol (Werder et al., 2003) to reproduce the contact angle of 86°, while the parameters for the water molecules and the protein were obtained from the CHARMM force fields (MacKerell Jr et al., 1998) . All graphite atoms were kept fixed for computational efficiency. In this CPU+GPU configuration, the CPUs compute the energy evaluations for MD simulations and the GPUs compute the non-bonded force evaluation (Kindratenko et al., 2009; Cordeiro and Desai, 2016) .
The MD models were minimized for 0.2 ns and then executed for 20 ns using an integration time step of 2 fs. Data were recorded every 0.1 ns. The cutoff distance for Van der Waals interactions was 12 Å. Periodic boundary condition was applied for x-and y-directions. A constant temperature of 310 K was ensured using the Langevin temperature control (Marquetti and Desai, 2018) .
The time evolution of the root-mean-square deviation (RMSD) was calculated to determine if the system reached equilibration phase. In this phase, RMSD reaches a steady state value due to the absence of variation in the potential energy (Equation 1):
Where: N α = The number of atoms whose position are being compared r i (t) = The position of atom i at time (t) Fig. 1 : Initial orientations of the BMP-2 placed on the graphite substrate (water molecules were excluded from the representation to better visualize the model). Protein is represented using secondary structure, α-helix is represented in pink and β-sheets in yellow
The radius of gyration of the BMP-2 was used to analyze the folding behavior of the protein structure during the simulations (Equation 2). This measure was used to evaluate the protein unfolding behavior. A significant folding and/or unfolding may lead to protein denaturation and loss of bioavailability of the BMP-2:
Where: |r i -r com | = The distance of the atom i with mass m i = The center of mass of the protein
Results and Discussion
Figure 2 presents the RMSD of the protein over time for all the protein orientations. The initial orientation influenced the RMSD values with mild fluctuations concerning time. The end-on A orientation had a rapid increase in the RMSD value within the initial 0.5 ns indicating protein unfolding behavior. This behavior was confirmed with an increase in the initial adsorption energy with the substrate. Similarly, the side-on B orientation had a slower increase in RMSD which corresponds to a delayed substrate adsorption with lower adsorption energy. Figure 3 shows no variation of the potential energy after the initial 0.5 ns confirming that the system reached equilibration for all the orientations.
Adsorption of BMP-2 on the substrate was measured by the non-bonded energy, which includes Van der Waals and electrostatic energies of the interaction between protein and substrate (Utesch et al., 2011) . Protein adsorption on graphite occurred exclusively via attractive Van der Waals interactions, which are weaker than electrostatic interactions, due to the lack of partial charges (Utesch et al., 2011) . Initial adsorption occurred within a short time frame of 0.5 ns for all the protein orientations (Fig. 4) . The orientation of the protein had an influence on its adsorption behavior with the hydrophobic graphite. End-on A configuration presented the strongest adsorption behavior with a rapid increase in the adsorption energy after 10 ns and reaching -750 kJ/mol at the end of the simulation. Side-on A and end-on B had the same adsorption behavior during the early stage of the simulation with a minor increase of the adsorption energy of the side-on A system (-400 kJ/mol) after 9 ns. However, the side-on B orientation displayed weak adsorption until 10 ns, followed by a rapid increase in the energy until it reached (-325 kJ/mol) equivalent to the end-on B orientation.
The spreading of the water droplet on the hydrophobic substrate arranged the atoms of the protein with end-on orientations to a compact state (Fig. 5) . End-on B orientation presented a folded structure, with the lowest values of radius of gyration (average 17.69 Å). Side-on B spread out more on the surface (average 18.77 Å). Mücksch and Urbassek (2011a) have revealed that the side-on B orientation had more flexibility to spread out on the surface due to the weaker interaction energy at the beginning of the simulation. Our findings are consistent with results obtained by Mücksch and Urbassek (2011a) (Fig. 4) . 
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Side Protein adsorption was measured by the number of contacts, which is the number of atoms in a residue that are within 5 Å of the surface. Proteins constitute macromolecules formed by linking different types of amino acids. Residues are formed when two or more amino acids are combined and elements of water are removed from the peptide chain. Residues can be classified as polar, hydrophobic and charged (Schermann, 2008) . Residues are typically represented by their threeletter abbreviations. Charged residues are more exposed to the solvent and can form salt bridges, influencing the stability of the protein (Sears, 2007) . Polar residues tend to adsorb on hydrophilic surfaces while hydrophobic residues on hydrophobic surfaces (Dee et al., 2003; Schmidt et al., 2009) . Therefore, these residue classes directly influence protein adsorption.
BMP-2 orientations have a strong influence on preferential adsorption of residues on the graphite substrate. Our findings show that residues which formed the lower part of each BMP-2 orientation tended to first approach the substrate and strongly adsorb in the initial stages of the simulations. The spreading of water molecules in the later stages subsequently enabled the adsorption of other prominent residues.
For side-on A orientation, the protein strongly adsorbed with more than 350 atoms in the polar residue TYR20. The other residues included charged ARG9 and hydrophobic PHE40 with more than 200 atoms. For endon A orientation, the polar residues HIS54 and ASN56 and charged ASP53 adsorbed first on the surface. This was followed by strong adsorption after 10 ns of charged residues ARG9, ARG114 and LYS11 with over 250 atoms per residue. In the end-on B orientation, the protein preserved its parallel orientation for a longer period. This permitted the adsorption of the residues within proximity of the graphite substrate and inhibited the contact of other residues. The main residues responsible for this adsorption were ASN29, ASP30 and hydrophobic residues VAL33 and PRO36, with 100 and 200 atoms, respectively. Side-on B orientation had only one residue (charged LYS73) adsorbing until 10 ns. However, in the later stages of the simulation beyond 10 ns, the BMP-2 rearranged from a parallel to a perpendicular orientation with the surface. Thereby, allowing polar HIS60, hydrophobic VAL63 and ILE74, with more than 150 atoms adsorbing per residue.
Protein denaturation was measured by the analysis of the secondary structure of the initial and final confirmation. Denaturation occurs when α-helix and β-sheet structures are transformed into a random coil state (Smith et al., 1996) . The changes in the secondary structures after 20 ns are presented in Table  1 for all the orientations. A reduction of the β-sheet content occurred for all BMP-2 configurations. The reduction was particularly higher for side-on B and end-on A orientations. A minor increase in α-helix structures was observed in all simulations. Also, 310-helix structures. 310-helix structures were formed in side-on A (5.66%), side-on B (2.83%) and end-on B (2.83%) orientations, respectively. Figure 6 presents the side and top view of the adsorption process after 20 ns. For all the orientations except side-on B, the spreading of the water molecules prevented the α-helix loop to contact the substrate, thereby preserving the α-helix structures during adsorption. The final confirmation of the protein clearly depends on the initial orientation of the protein because the lower residues in close proximity with the substrate in each configuration adsorbed first. For the side-on B configuration, even though most of the α-helix adsorbed on the surface, a significant reduction of the β-sheets occurred after 12 ns.
Conclusion
In this study, our group investigated the adsorption behavior of BMP-2 on hydrophobic graphite using MD simulations. The influence of four initial orthogonal orientations (two side-on and two end-on) on the protein adsorption was evaluated. The adsorption process on hydrophobic graphite occurred exclusively via Van der Waals interactions with the protein. Therefore, the sideon B orientation with lower initial adsorption energy had higher values of radius of gyration due to its flexibility to spread out on the surface. The end-on B presented a compact structure, limiting protein adsorption because most of its residues were inhibited from contact with the graphite substrate. Different BMP-2 residues were responsible for the interactions with the surface, which revealed a strong influence of the initial orientation on the adsorption behavior of the protein. A stronger binding of the polar, charged and hydrophobic residues occurred with the surface for side-on A and end-on A orientations. For all the orientations, the protein preserved most of its secondary structure. However, a reduction of the β-sheets was observed, especially for side-on B and end-on A configurations. The preservation of the α-helix structures related with the incapability of the residues in the loop to approach the surface, thereby avoiding adsorption. This research lays the foundation for identifying BMP-2 orientations which can preserve the bioavailability to aid effective proliferation and differentiation of stem cells for regenerative tissue engineering.
